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INTRODUCTION

Classical plasticity theories generally assume that the stress at a point is a function of strain at that
point only. However, when gradients in strain become significant, this localization assumption is no
longer valid. These conventional models fail to display a ‘size effect’. This effect is seen
experimentally when the dimension characteristic of the physical phenomenon involved is on the
order of the microstructural scale of interest. Under these conditions, strain gradients are of a
significant magnitude as compared to the overall strain and must be considered for models to
accurately capture observed behavior.

The mechanics community has been actively involved in the development of strain gradient theories
for many years. Recently, interest in this area has been rekindled and several new approaches have
appeared in the literature. Two different approaches are currently being evaluated. One approach
considers strain gradients as internal variables that do not introduce work conjugate higher order
stresses. Another approach considers the strain gradients as internal degrees of freedom that
requires work conjugate higher order stresses. Experiments are being performed to determine
which approach models material behavior accurately with the least amount of complexity. A key
difference between the two models considered here is the nature of the assumed boundary
conditions at material interfaces. Therefore, we are investigating the deformation behavior of
metal/sapphire interfaces loaded under simple shear. To determine the lattice rotations near the
boundary, we are examining the samples with submicron X-ray methods and with diffraction
techniques in the transmission electron microscope. The experimentally found boundary conditions
shall be subsequently used to determine whether the simpler internal variable model is adequately
descriptive. This information will also be included in the mesoscale simulations to be carried out as
part of the LLNL Multiscale Materials Modeling Project.

BACKGROUND

Although not predicted by classical models, an increase in flow stress is seen during deformation
when the observed phenomena is on the order of a micron and inhomogeneties are present. For
example, Fleck et.al. [1] showed that when loaded in torsion, a wire displays greater strength for
smaller radii. Others authors have observed this type of effect in other systems, including bending
[2], indentation hardness [3], and particle hardened alloys [4]. The increase in hardness under these
conditions is attributed to the additional dislocations needed for compatibility. These dislocations
are commonly referred to as geometrically necessary dislocations [5]. The presence of these
dislocations can be ignored and continuum theories applied at large size scales since gradients in
strain are small. However, at smaller size scales, more dislocations are formed in a smaller area,
resulting in large strain gradients and higher flow stresses. When strain gradients become
significant, this localization assumption in continuum theories is no longer valid [6]. This must be
accounted for in a non-local theory to accurately reflect material response. Two distinct classes of
models that extend classical theories to include strain gradient effects are currently being evaluated.
Fleck and Hutchinson [7] have developed one approach (referred to as the FHS model [8]) that
considers strain gradients as internal degrees of freedom and requires thermodynamic work
conjugate higher order stresses, which need additional boundary conditions. Acharya and Bassani
[9] have developed an alternative approach in which a strain gradient term is included in the
hardening function. In this method, the strain gradients are considered to be internal variables,
which do not introduce higher order stresses or additional boundary conditions. This approach has
the advantages that it is simpler overall, preserves the structure of the classical boundary value
problem, and can easily be implemented into existing finite element codes. However, the higher
order theory may be more predictive because it allows for constraints on strain to be enforced at
interfaces. The additional boundary conditions in the higher order theory allow for the presence of a



boundary layer. Specifically, Fleck and Hutchinson [7] determined theoretically that a boundary
layer of lattice rotation should be present at an interface between dissimilar materials loaded under
remote simple shear. Since boundary layers are not predicted in Acharya and Bassani’s approach,
detecting the presence of these layers at interfaces will supply critical information in the continued
development of strain gradient plasticity theories. Boundary layers seem likely in real materials,
since stress fields that are strongly affected by boundaries [10] govern dislocation motion. The
presence of a boundary layer, however, has not yet been definitively determined. Although previous
experimental work on bicrystals by Sun et.al [11] suggests the presence of a boundary layer, the
data are difficult to interpret due to the movement of the grain boundary. Therefore, experiments
performed at a metal-ceramic interface are proposed to determine deformation behavior without the
complication of grain boundary movement.

EXPERIMENTAL PROCEEDURE

The deformation behavior near an interface is investigated using samples composed of 25µm thick
aluminum foils sandwiched between sapphire rods (see [12] for more details). An ultra-high
vacuum diffusion-bonding machine [13] is used to bond the two materials. The metal layer is
sheared using asymmetric four point bending. This test is used to achieve a uniform simple shear
stress state. This stress state is needed to shed light on existing strain gradient models, because each
model considered predicts different behavior under this condition. Finite element modeling is used
to simulate this experiment in order to confirm the homogeneity of the deformation. The sapphire is
modeled as an isotropic elastic material and the metal is modeled as a J2 linear hardening material.
The modeling confirms that the metal layer is under a homogeneous stress state, but does exhibit
some edge effects in the strain profiles. This will not affect the experimental results, because
observations are only made in the center of the sample.

In order to detect the presence of a boundary layer in the aluminum near the sapphire, the lattice
rotations need to be measured from the center of the aluminum layer to an interface in one micron
steps. To measure the rotation, the mechanically tested samples were cut into slices for observation
of diffraction patterns in a transmission electron microscope (TEM). Unfortunately, standard TEM
sample preparation methods cause the aluminum to recrystallize, so a non-destructive method is
desired. Unlike most X-ray techniques, the submicron X-ray technique developed at the Advanced
Light Source (ALS) [14] uses a small enough spot size to properly investigate the lattice rotation
changes in these samples. Unfortunately, the noise from the surface damage layer formed during
the polishing of the aluminum is obscuring the signal from the Laue patterns in the bulk region. It
has not been possible to fully analyze this data. From some initial analysis, there does appear to be
a measurable change in lattice rotation as the interface is approach. However, improved sample
preparation techniques to produce a stronger signal need to be employed to confirm this initial
indication. Confirming or refuting the presence of this boundary layer is the primary result of the
experimental program. If the boundary layer is present, its characterization will be critical in
providing parameters for the FHS model. Continued improvement of the model will be facilitated
by further experimental results generated by continued investigations. The cyclic feedback of
information between experiments and modeling has proven to be successful in other parts of the
Multiscale Materials Modeling Project at Lawrence Livermore National Laboratory.
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Infrared lasers are ideally suited for the selective and precise removal of carious dental 
hard tissue while minimizing the healthy tissue loss. Since the initial investigations of 
Stern[1] over 30 years ago, several unique laser applications have evolved for dentistry, 
namely laser ablation of dental hard tissue, caries inhibition treatments by localized 
surface heating, and surface conditioning for bonding[2]. During high intensity laser 
irradiation, marked chemical and physical changes may be induced in the irradiated 
dental enamel.   These changes can have profound effects on the laser ablation/drilling 
process and may lead to a reduction in the ablation rate and efficiency, increase 
peripheral thermal damage and even lead to stalling without further removal of tissue 
with subsequent laser pulses.  Moreover, thermal decomposition of the mineral can lead 
to changes in the susceptibility of the modified mineral to organic acids in the oral 
environment.  Morphological changes may result in the formation of loosely attached 
layers of modified enamel that can delaminate leading to failure during the bonding to 
restorative materials [3, 4].  Therefore, it is important to thoroughly characterize the laser 
(thermal) induced chemical and crystalline changes after laser irradiation.  The mineral, 
hydroxyapatite, found in bone and teeth contains carbonate inclusions that render it 
highly susceptible to acid dissolution by organic acids generated from bacteria in dental 
plaque.  Upon heating to temperatures in excess of 400 °C, the mineral decomposes to 
form a new mineral phase that has increased resistance to acid dissolution[5]. Recent 
studies suggest that as a side effect of laser ablation, the walls around the periphery of a 
cavity preparation will be transformed through laser heating into a more acid resistant 
phase with an enhanced resistance to future decay[6].   However, poorly crystalline non-
apatite phases of calcium phosphate may have an opposite effect on plaque acid 
resistance[7] and may increase the quantity of poorly attached grains associated with 
delamination failures.IR spectroscopy has been used for half a century to study the 
structure of bony tissue[8, 9].  Fowler and Kuroda [7, 10] used IR transmission 
spectroscopy to show the chemical changes induced in laser irradiated dental enamel.  
Recently, we demonstrated that FTIR in specular reflectance mode could be used 
effectively to nondestructively measure the laser-induced chemical changes in enamel 
and that the carbonate loss could be determined as a function of incident laser 
intensity[11].  However, this technique requires smooth surfaces of large area in order to 
acquire suitable spectra.  The high brightness of the ALS enables spectra to be acquired 
on specific areas across ablation craters with a resolution of 10 µm.  
 
FTIR spectroscopy was used in the specular reflectance mode for resolving thermally 
induced changes in dental hard tissue as a result of laser irradiation. High spatial 
resolution (10 µm) was used with the high brightness available on beam line 1.4.3 for 
these studies. IR spectra of modified bovine enamel were acquired after laser ablation 
using several laser wavelengths from the UV to the mid-IR. Specific areas within the 
laser-ablated region were examined to determine the structural and chemical composition 



Fig. 1  Spectra of ejected particles collected in vacuum after the laser ablation of enamel using a 9.6 µm 
TEA CO2  laser.  The particles are deposited in a fan shaped distribution on a BaF2 substrate.  Optical 
images (320x) of the low density zone (top) and high density zone (bottom) are shown on the right.  SR-
FTIR spectra of the particles(gray) and normal enamel are shown on the left. 

changes associated with the ablation process. The energy deposition and maximum 
temperature are greatest at the center of crater created by the ablation process and 
decreases with distance from the crater center. The chemical composition of the crater 
walls deviated significantly from that of hydroxyapatite after Er:YAG and CO2 laser 
irradiation without added water. The high spatial resolution of beam line 1.4.3 allowed 
identification of the mineral phases present on the crater walls [12, 13] These mineral 
phases have not been previously reported because of the limited resolution of 
conventional IR spectroscopy systems. 
 
We postulated that the non-apatite mineral phases originate from the plume of ejected 
material above the ablated area. In order to confirm that hypothesis, we collected the 
ablated mineral phases on BaF2 substrates in vacuum.  SR-FTIR spectra were used to 
show the distribution of phases as a function of distance from the site of laser ablation 
(Fig. 1).  Such data confirms that the mineral phase distribution around the ablation 
craters is due to recondensation from the plume.  We are continuing this effort with other 
laser wavelengths, energy deposition conditions, and quantities of water to determine the 
optimum ablation conditions with limited subsurface damage and improved surface 
conditions for bonding or resistance to environmental degradation.  Supported by 
NIH/NIDCR R29DE12091.   
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INTRODUCTION

Materials properties such as strength, resistance to fatigue, and failure ultimately depend on the
microstructural features of the material, such as grains, grain boundaries, inclusions, voids and
other defects. The so-called mesoscopic length scale (approximately between 0.1 and 10 �m) is
receiving increasing attention, both theoretically and experimentally, in order to understand the
mechanical behavior of polycrystalline samples as they experienced various constraints.
Compared to single crystals, polycrystals are a highly inhomogeneous medium where local stress
and structure variations are likely to play an important role in the overall macroscopic behavior
of the material. In the present study, we are applying the Scanning X-Ray Microdiffraction
(�SXRD) technique developed at the ALS [1,2] to probe local strain/stress and grain orientation
in Al(0.5wt% Cu) thin films and compare the results with those obtained  with conventional
averaging techniques such as wafer curvature.

EXPERIMENTAL

The samples investigated are sputtered Al (0.5 wt.% Cu) thin film test structures originally
designed for electromigration studies.  The patterned lines, passivated with 0.7 �m of SiO2

(PETEOS), have dimensions 0.7 or 4.1 �m in width, 30 �m in length and 0.75 �m in thickness.
Ti shunt layers are present at the bottom and the top of the lines.  A 100 x 100 �m bond pad on
the chip with a thin Ti underlayer is used to simulate a bare blanket film.
The samples were scanned under a submicron size white X-ray beam and at each step a white
beam Laue diffraction pattern in reflective geometry was collected. The patterns were analyzed in
order to yield the orientation and deviatoric strain/stress tensor under each illuminated points of
the samples. The outputs of the analysis are grain orientation and strain/stress maps.
The bond pad (blanket film) was thermally cycled between 25�C and 345�C in 40� steps.  At
each temperature increment, a 15x15 �m area of the film was scanned with the focused white x-
ray beam in 1 �m steps. A 0.7 �m wide line and 4.1 �m wide line were scanned in 0.5 �m
intervals at room temperature.  In addition, a 0.7 �m line was mapped in 0.5 �m steps across the
line and 1 �m steps along the line at several temperatures during a cycle between 25�C and
305�C.

RESULTS

A 5x5 �m area preliminary scan of the blanket film shows that while the film is (111) textured
within 3�, the deviatoric stresses �xx� � �yy� (In the x,y,z orthogonal coordinate system, z is the



out-of-plane direction). In particular, at the granular and subgranular level, the stress can depart
significantly from biaxiality. However, if we average the data over the 5 × 5 �m scanned area,
biaxiality is retrieved, i.e.: <��xx> � <��yy>. The average biaxial stress of the film can be
computed assuming that the out-of-plane average total stress <�zz> = 0. Expressing the total
average stress matrix as the sum of the deviatoric and hydrostatic stress components one can
show that the average biaxial stress  <�b> = <�xx> = <�yy> = <{(��xx+��yy)/2} - ��zz>.

A plot of the average biaxial stress in the blanket film obtained by x-ray microdiffraction during
a thermal cycle between 25�C and 345�C is shown in Fig. 1.  The stresses in approximately 130
grains in a 15�m x 15�m region were averaged to give the results shown in the figure. Though
our temperature range is about 100oC smaller, the temperature cycling curve using
microdiffraction is very similar to that reported by Venkatraman et al [3] using wafer curvature
measurements on an Al(Cu) films with thickness 1 �m. The film is in tension at room
temperature, with an average biaxial stress of 230 MPa.  The measured stress is caused by
mismatch between the thermal expansion coefficients of the aluminum and the silicon substrate.
Upon heating, the higher thermal expansion coefficient of the aluminum film relaxes the tensile
stress before driving the film into compression. From Fig. 1 the experimentally determined initial
thermoelastic slope is (d� / dT) = 2.53 MPa / oC. The theoretical thermoelastic slope was
calculated to be 2.34 MPa / oC, in reasonable agreement with the experimental value.
The real advantage of using �SXRD is however the possibility to obtain orientation and
strain/stress information at a very local level, allowing for the study of mechanical properties of
thin films with new visibilities. For instance, it provides a simple and straightforward explanation
to the early departure from linearity of the thermoelastic slope during heating (seen in [3] as well
as in the present data), even before the film enters in the compressive state. At room temperature,
the stress is highly inhomogeneous with regions sustaining more tensile stress than others. Upon

Figure 1. Thermal cycling results on a 15×15 �m area of
an Al(Cu) bond pad (blanket film) showing the averaged
biaxial stress component < �b > versus temperature. The
insets show detailed stress distribution in the film at
different temperatures (The 2D maps are a plot of ���zz
=��xx +��yy as a measure of the in-plane stress). Note the
blue regions of compressive stress in the 105 ºC map,
while on average the stress is still in the tensile regime.



heating some regions of the film become compressive while the average biaxial stress is still in
the tensile regime. Even though the average stress is zero at about 100oC some grains have
already reached their yield stress and deformed and the heating curve departs from linearity. The
temperature at which the curve departs from linearity is quite variable for different films and
depends on detailed process parameters.
Similar local variations of the stress are observed in the passivated lines. These local variations
increase with decreasing line width while the area of the hysterisis of the stress-temperature
curves decreased. The hysteresis area is typically a measure of the amount of plastic deformation
experienced by the material. In the case of submicron sized lines, the passivation layers introduce
additional constraints to the dislocation motions, as compared to the case of unpassivated blanket
films [4]. These local stress variations which do not always follow grain boundaries but can be
intragranular, are quite surprising in an elastically isotropic material as aluminum. However these
differences can be explained by differences in grain sizes and grain-to-grain interactions [5].
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INTRODUCTION

Recent experiments have shown that the plastic deformation and the fracture of solid have
relation with the formation of dislocation cell structure and the rotation of structural elements[1].
Therefore, attention should be focused on a mesovolume of deformed material. Because The
local stress and strain differ from those averaged at the macroscale, the discrete nature of the
micro-deformation of the mesofragments should be accounted for the rotation of the different
mesofragments being parts of subgrain, a grain, grains, etc., which plays an important role in
plasticity. Moreover, In-situ study of deformation behavior in polycrystalline material during
deformations at microlevel had not been performed. In the present work, we have investigated
plastic deformation behavior in polycrystalline material during deformations at microlevel using
the X-ray Microdiffraction technique on beamline 7.3.3. at the ALS. This technique allows the
measurements of local orientation and strain in microvolume element within a grain. In addition,
an accuracy of this technique is about 2x10-4 in strain and less than 0.01o in orientation[2].

EXPERIMENT

The material used in the present study was a 99.999% pure polycrystal of copper. A tensile
sample, with a gauge length of 7.5mm and a cross-section of 2x0.5 mm, was prepared by spark-
erosion cutting. After mechanical polishing, the sample was annealed in a vacuum at 600� for
30min. and chemically polished to remove damaged and oxidized surface material formed during
mechanical polishing and heat treatment.

The synchrotron radiation source of beam line 7.3.3 at the Advanced Light Source (ALS) was
used for the in situ Microdiffraction Laue experiment, described in [2,3]. In order to measure
Orientation and strain/stress distributions at each strain(0, 2, 4, 6, 8, 10, 15, 20, 25, 30% strain), a
large number of diffraction pattern are collected by scanning the sample and analyzed. The beam
size of experiment was 1.5�m x 1.5�m and the detector was a charge-coupled device camera.
The samples were elongated in steps of 0.15 mm by a tensile device mounted on the translation
stage. The strain rate was 2.22x10-4 .

RESULTS AND DISCUSSION

Figure 1 shows the orientation distribution of Copper sample at each deformation step(0, 2, 4,
6% strain). The tensile direction is vertical in the plots. The orientation of big center grain starts
to change starting in the middle of the grain as the tension applied. In order to consider the
heterogeneities of the deformation-induced microstructure within single grains, tensile axis
rotation in other position within a grain is measured. We take five local positions in center grain
which are Ag, Bg, Cg, Dg and Eg position, and measure the tensile axis rotation at each point.
Figure 2(a) shows positions of 5 points.



Figure 2(b)(c) shows rotation angle from initial position as a function of strain at each strain, and
the orientation of neighbor grains in standard triangle, respectively. The tensile axis rotation at
Ag position is larger than that at Dg position. The initial orientation of grain 2,8 near Ag position
is similar to that of center grain while the angle between grain 5,6 and center grain is quite large.
That is, the grain boundary in diagonal direction is small angle boundary. In the orientation map,
primary slip direction ( 011 ) at sample coordination is (0.172,-0.363, 0.378) which is a diagonal
direction in the plot. This phenomenon may be due to differences in the selection of
simultaneously acting slip systems among neighboring volume elements of individual grains and
different part of grain interior. Lattice rotation near high angle grain boundary is large while
Lattice rotation near low angle grain boundary is small. This means that Grain boundary and
grain orientation affect the slip behavior.

(a) (b) (c)

Fig.2. (a) shows positions of 5 points,(b)(c) shows rotation angle from initial position as a function of strain at each
strain, and the orientation of neighbor grains in standard triangle, respectively.
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Fig.1.Grain Orientaion distribution of Copper sample at each deformation step((a)0, (b) 2, (c) 4, (d) 6% strain).
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INTRODUCTION
Linear chain-like molecules consisting of blocks of chemically different components (so-called
block-copolymers) in many cases form long-range ordered supramolecular structures. The rea-
son for this behavior is the interplay between phase separation of the different components and
the molecular unity in the single molecules. The size of the forming structures depends on the
size of the molecules and ranges from about 10 to 100 nm. This is usually called “microphase
separation” or “micro domain formation”. Due to the differences in the surface free energy of the
polymers the structure of the micro domains of the surfaces and interfaces can be manipulated.
Whereas the structure and morphology of diblock copolymers has been intensely investigated,
the investigation of more complex structures (multiblock copolymers, graft polymers, star-like
copolymers, etc.) has started only recently.

Recent investigations demonstrate more complex surface and thin film morphologies [1-3]. E.g.,
an ABC-triblock copolymer consisting of polystyrene (PS), polybutadiene (PB) and polymeth-
ylmethacrylate (PMMA), which forms lamellar-like structures in bulk, forms lateral structures at
the surface, since the PB-center block (PB) has the lowest surface free energy [4]. To investigate
these structures, microscopic techniques with none or only limited spectral sensitivity have been
employed so far (atomic force microscopy, scanning electron microscopy, transmission electron
microscopy). Although these techniques offer a limited potential to distinguish the polymer
blocks, a definite and unambiguous attribution of the respective polymer subunits is still lacking.

EXPERIMENTS
We have used the unprecedented opportunities of high brilliance synchrotron radiation at the
Advanced Light Source in particular the installed microspectroscopes (PEEM2 at BL 7.3.1.1 and
STXM at BL 7.0.1) to investigate the stoichiometric inhomogeneities in those films within the
bulk (STXM) and in the surface-near region (PEEM). Our preliminary experiments have explic-
itely demonstrated the usefulness of these microspectroscopic techniques.

Fig. 1 shows a STXM image of a thin film consisting of a PS-PB-PMMA triblock copolymer
(floated on a 100 nm thick Si3N4 membrane) recorded at a photon energy of 293 eV (image size:
60 x 60 µm²). The lower image shows a cross section along the red bar clearly indicating the
distinct film thicknesses in the sample. This finding is in accordance with the lamellar structure
which is formed in bulk of those materials. Brighter spots give a clear indication of an additional
lateral fine structure within the homogenous areas. The structures in the upper left corner of Fig.
1 are due to partial dewetting of single terraces.

Fig. 2 shows two XPEEM images recorded at the positive and negative slope of the prominent
π*-resonance (hν = 286.5 eV) reflecting a distinct contrast reversal which ist due to the different
termination of the various terraces, i.e. in one case the terrace consists mainly of the PS species
whereas in the other areas PMMA is the prominent species. Images recorded at the O K-edge



allow much higher magnification due to the higher photon
flux and thus allow direct imaging of the lateral patterning,
which is dominated by the dewetting of the organic film.
The finding of differently terminated areas is fully consistent
with previous indirect conclusions drawn from AFM data
and thus represents a direct spectroscopic proof.
In both cases, PEEM and STXM, the microdomain forma-
tion within a terrace with periodicities on the order of up to
several 10 nm can at present not be resolved. XPEEM of
soft matter films at present is limited to lateral resolutions of
about 100 nm and, in addition, may lead to misinterpreta-
tions of the spectroscopic data since the high photon flux
densities lead to fast degradation/fragmentation of the or-
ganic molecules or even conversion into graphite. STXM
partly overcomes the latter restriction since the illumination
time is significantly shorter. Much higher transmission (by a

factor 100 to 1000 at comparable magnification) of the electron optics in an aberration-corrected
XPEEM (like, e.g., at PEEM3 or SMART) will improve spectroscopic imaging of surfaces of
soft matter films.
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60 x 60 µm²                        hνννν = 293 eV

Fig.1: STXM image of a PS-PB-
PMMA-triblock copolymerfilm.

       
Fig. 2: PEEM images of a PS-PB-PMMA triblock copolymer film indicating the spectroscopic contrast (contrast
reversal in the XPEEM images by 0.3 eV photon energy variation). Left and center: excitation at the C K-edge;
right:excitation at the O K-edge at higher magnification.Note, that the surface has been plasma-etched to remove
the  top PB layer.

65 x 65µm², hν ν ν ν = 285.1 eV     hν ν ν ν = 285.4 eV                        17 x 17 µm², hνννν = 543 eV
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INTRODUCTION

Spin-polarized currents provide a new method of efficiently manipulating nanoscale mag-
netic domains utilizing the short range and strong electronic exchange interaction. The
spins of the injected electrons generate a torque on the magnetization of a ferromagnetic
film, which at sufficiently high current densities is capable of switching a magnetic do-
main. We have started a program to directly observe the magnetic switching process
during the spin injection process by means of static and time resolved photoemission
electron microscopy utilizing the PEEM-2 microscope on beamline 7.3.1.1.

SAMPLES

One crucial parameter for successful switching by spin injection is a high current density.
This can be easily achieved when the current flow is restricted to nano-contacts. In our
samples, several 50 nm diameter channels are drilled into a 30 nm thin Si3N4 membrane
using a focused ion beam. These holes are then filled by copper deposition from both
sides, forming nano-contacts. The sample structure and preparation is illustrated in
Figure 1.

When a voltage is applied between the front and the back of the membrane, the
current has to pass through these nano-contacts. This gives rise to a high current density
at the location of the channels, falling off inside the film with distance from the center.
A spin polarized current is generated by passing the electrons through a ferromagnetic
thin film “polarizer” that is aligned unidirectionally by exchange bias. The “polarizer”
is decoupled from a second ferromagnetic thin film “sensor” by a copper interlayer, so
the two films are magnetically independent. The micromagnetic configuration of the
“sensor” film, which is deposited on top of the structure, is then observed with PEEM-2
as a function of the spin polarized current density.
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Figure 1: Sample structure for spin injection experiment. a: several 50 nm diameter holes
are drilled into a Si3N4 membrane using a focused ion beam. b: Cu is then deposited
from both sides, forming nano-contacts. c: a current is passed through the Cu filled
channels in the membrane and the thin films. d: the complete structure, utilizing an
exchange biased CoFe/IrMn film as electron polarizer, a Cu buffer layer, and a Fe sensor
layer.

a   I=+180 mA b   I=0 mA c   I=-180 mA d   I=0 mA

Figure 2: PEEM image at Fe L3 peak divided by image at Fe L2 in order to obtain
magnetic contrast. The image size is 45 µm. The magnetic axis is along the vertical
direction, white corresponds to up and black corresponds to down magnetization (see
arrows in a). An arrow on the sample points towards the location of the Cu channels.
The image series corresponds to different currents through the sample: a: the current is
able to generate a white domain, which was not present before, it stays when the current
is turned off (b). c, d: by reversing the current direction the domain vanishes.



PRELIMINARY RESULTS

First measurements were performed on a sample consisting of Cu channels with a single
8 Å thick magnetic Fe film on top, as shown in Figure 1b. A rather large current of up
to 180 mA (corresponding to a current density of j ≈ 1012A/m2) was passed through
100 Cu filled channels in the membrane, which destroyed the center region locally (dark
circle). However, the measurement demonstrated that the current passes through the Cu
channels, and that imaging with PEEM-2 is possible during the injection of a current.
The observed switching of a white domain on the left of the channels is due to Oersted-
type fields generated by the current. A gray ring around the center region indicates
heat generation: the local temperature reached the Curie point, causing loss of magnetic
signal.
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INTRODUCTION

The existence of impurities and structural imperfections on a microscopic scale can result in
diverse transport and pinning properties in MgB2, which was even observed for single crystalline
samples made by several groups[1-3]. Here, we report the X-ray micro-diffraction measurements
for, MgB2 single crystals with hexagonal-disc shapes and shiny surfaces. The diagonal length and
the thickness for the largest crystal was about 100 �m and 10 �m, respectively. The crystallinity
was thoroughly identified by using the Laue pattern in the X-ray micro-diffraction measurement.
Both the edge and the c-axis of the hexagonally shape disc were found to match the crystal
symmetry.

EXPERIMENTAL

Two different procedures were used to grow the single crystals, and in both cases, excess Mg was
critical for the growth of single crystals. The first involved a two-step method in which already
synthesized pieces of MgB2 bulk[4] were used as a seed material. They were heat treated in a Mg
flux inside a Nb tube, which was sealed in an inert gas atmosphere. Then, the Nb tube was put
inside a quartz tube, which was sealed in vacuum. The quartz tube was heated for one hour at
1050 �C, cooled very slowly to 700 �C for five to fifteen days, and then quenched to room
temperature. The crystal images were observed using a polarizing optical microscope and a field-
emission scanning electron microscope (SEM). We successfully separated single-crystalline
MgB2 from the Mg flux by using a thermo-mechanical spinning method.

For the X-ray micro-diffraction measurements, several crystals were fixed at the center of Cu
crosshairs on the substrate, as shown in Fig. 1. The instrument used at the Advanced Light
Source (ALS) for X-ray micro-diffraction is capable of producing a submicron-size X-ray
microbeam and with submicron spatial resolution can probe the local texture in a single
crystal[5]. The sample was positioned using the Cu fluorescence signal detected from the Cu
crosshairs on the Si substrate by using a high-purity Ge ORTEC solid-state detector connected to
a multichannel analyzer. The crystal orientation with respect to the substrate can be determined
with an accuracy of 0.01 degree.

RESULTS

The crystal structure was identified by using white beam X-ray micro-diffraction measurements.
After positioning these single crystals, a 100 �m � 100 �m region between the Cu crosshairs was
scanned with a step size of 2 �m. At each step, the Laue pattern (together with the Cu K



Figure 1. Polarizing optical microscope images of MgB2 single crystals. An epoxy was used to
fix six single crystals at the center of 100 �m-wide Cu crosshairs.

fluorescence signal ) was collected with a BRUKER 6000 CCD camera which has an active area
of 9 � 9 cm and was placed about 4 cm above the sample. [2500 images, 1024 pixel �1024 pixel
mode] The exposure time at each step, was 1 second. An example of a Laue pattern obtained
from a MgB2 single crystal is shown in Fig. 2(a). The Laue patterns are consistent with a
hexagonal MgB2 structure (a =0.3086 nm, c = 0.3524 nm, Space Group number =191, Ref. 6).
The (0005) reflection in the center of the pattern in Fig. 2(a) corresponds to the direction of the
normal to the crystal surface. This confirms that the surface plane normal is along the c-axis.
Moreover, the hexagonal edges of the crystals were found to match the <1,0,-1,0> directions
within a fraction of a degree resolution. Thus, the shapes of the crystals in the microscope image
followed the MgB2 crystal symmetry, which will be quite useful for any research of the direction
dependencies of the physical properties in MgB2.

Indexing the Laue patterns in Fig. 2(a) allowed us to calculate the complete orientation matrix of
the X-ray illuminated volume. A finer step size of 1 �m was used for the white-beam scan. The
orientation variations inside the single crystal shown in the right bottom corner of Fig. 1 are
shown in Figs. 2(b) and 2(c). Figure 2(b) is the out-of-plane orientation variation calculated as
the angle between the c-axis and the normal to the surface of the silicon substrate. The out-of-
plane variation was about 0.2 degrees between the light orange and the red regions. The out-of-
plane orientation shows a variation of about 0.2 degrees between the bottom and the top parts,
indicating a slight bending of the crystal (which might be due to the photoresist used as an
epoxy). Figure 2(c) shows the in-plane orientation variation calculated as the angle between the
measured a-axis (or b-axis) and a reference directions. The variation was about 0.4 degrees
between the light blue-green and the green regions. The in-plane orientation also showed some
inhomogeneities of up to about 0.2 degrees.

These results demonstrate that the orientation of crystal axis of our hexagonal-disc-shaped single
crystals was perfect, within 0.2 degrees[7]. A recent study showed that (0001) twist grain-
boundaries, formed by rotations along the c-axis (typically by about 4 degrees), were the major
grain boundaries in polycrystalline MgB2 [8].



Figure 2. (a) A representative image of an indexed Laue pattern from X-ray micro-diffraction. (b)
and (c) are, respectively, for the out-of-plane and the in-plane orientations inside a single crystal.
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INTRODUCTION 
 There are many potential applications of X-ray photoelectron emission microscopy (X-PEEM) to 
organic thin films, such as fundamental studies of phase separation [1], and applied studies of organic light 
emitting diodes, adhesion promoters [2] etc. In order to obtain meaningful results, it is important to understand 
the challenges of applying X-PEEM to organics, and to develop compensating data acquisition strategies. 
These challenges include: radiation damage, camera artifacts, Io determination, higher order radiation, 
charging, sample damage from field emission or discharges. 
 The photon flux at BL 7.3.1 ( >1012 photons/s at 500 eV in a 30x300 µm spot, with 1.9 GeV, 400 mA) 
is very high because there are only two optical elements and energy resolution is sacrificed for flux. The high 
flux, combined with a relatively inefficient electrostatic column (~5 % transmission at high spatial resolution 
– 12 µm aperture) and an inefficient camera, mean that ratio of detected signal to number of photons absorbed 
in the near surface region is very small. In order to perform useful chemical analysis, images of the region of 
interest must be recorded at a number of energies (in the C1s, N1s or O1s regions for organic samples) to form 
an image sequence which can be subsequently analysed to obtain point or region spectra, or chemical maps. 
Other problems occur because of limitations of the CCD camera - bad pixels; pixel-to-pixel variation in dark 
signal (leakage) and gain; as well as a slow data transfer rate (0.25s/image, no ability to transfer sub images). 
A further challenge is the uneven illumination  in the PEEM; in order to gain sensitivity we use reduced 
magnification. Typically the camera views 60x60 µm2 but only the central third of the image is illuminated. 
 In order to reduce the damage rate we work at much reduced flux, achieved by placing an aperture 
(formed by two independently adjustable elements, called ‘chopper’ and ‘mask’) in the beam before the 
monochromator. This reduces the energy resolution as well as the flux – at a chopper value of 15 the resolving 
power is only 100. Under typical low dose conditions we work with less than 10% of the dynamic range of the 
camera. Background and camera corrections are extremely challenging. It is essential to record Io spectra 
from a suitable reference surface, typically HF-etched silicon for organic thin film samples deposited on Si or 
Si3N4.  This is especially true in the C 1s region where there is a lot of structure in the Io spectrum. The Io 
signal must be measured under very similar conditions to those used to study the sample in order to ensure the 
same sensitivity, energy resolution and 
higher order content, (the latter two depend 
on the exact choice of chopper, windows, 
slits and filters used).  The PEEM 
sensitivity is very dependent on the sample-
objective lens distance, which changes 
every time a sample is re-positioned. 
 Charging can occur for any 
insulating sample, although it is often 
surprising the samples that can be studied 
by PEEM. We typically observe charging if 
a polymer sample is  too thick (> 75 nm), 
or too corrugated (> 15 nm  rms). In some 
cases a thin metal coating (<2-3 nm) can be 
evaporated to control charging. Charging 
results in dark spots on images, where the 
electrons are trapped by the surface charge 
potential, or in bright spots, where there is 
artificially enhanced emission by discharges or, at locations of high curvature, by enhanced detection 
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Fig. 1  Plots of C 1s NEXAFS of a 50 nm PMMA film on c-Si. 
Successive scans made on the same spot build up dose and damage. 
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probability due to stronger fields. While it is sometimes possible to record meaningful NEXAFS spectra from 
charging surfaces, more typically, charging results in large and variable sample or objective lens currents 
which lead to unstable operation, and, in extreme cases, macroscopic discharges that can damage samples, 
making dramatic dendritic patterns in organic layers, and exploding Si3N4 windows. In the following we 
describe a systematic study of a pure polymethylmethacrylate (PMMA) film in order to characterize its 
radiation damage rate, and thereby develop procedures to study heterogeneous samples containing PMMA in 
a meaningful fashion, despite these challenges. A detailed manual for operating X-PEEM and choosing 
parameters optimal for radiation sensitive samples is available at the beam line or from the authors [3]. 
 
EXPERIMENTAL 

  ~50 µl of a 1.0% w/w toluene 
solution of PMMA (Mw = 112.3 K, 
Mw/Mn = 1.09, Polymer Source Inc) was 
passed through a teflon filter to remove 
particulate impurities and dropped onto a 
spinning HF-etched Si chip at 4000 rpm. 
Spinning was continued for ~5 s. The film 
thickness was estimated to be ~40 nm 
from AFM at a scratch and the rms 
roughness was 6 nm The sample was not annealed.  
 The relationship of measured intensity to the various parameters controlling the signal is summarized in 
equation 1. A number of scale factors need to be determined but this qualitative formula may be useful for 
others using PEEM-2 for organic thin film studies. 
 

     S = G*t* [ I*σ*fesc*F*εPEEM – B]       (eqn 1a) 
 

where S = detected signal , G = camera gain (2,4,8),   t = time, 
σ = cross-section,  fesc = electron escape probability (integrated 
over inelastic scattering and angular effects),  F = work 
function, εPEEM = PEEM column efficiency  [α (magnification)* 
(aperture)2],   B = no-X-ray background,  and I is the flux (ph/s) 
on the sample, given by  
 

      I α  Iring*C *T                                (eqn 1b) 
 

where C, the chopper factor is (Cmax-C)/Cmax; and T, the Ti filter 
factor, is (Tmax-T)/Tmax. 
 
RESULTS AND DISCUSSION 

Fig. 1 shows a typical  sequence of spectra (without Io correction) recorded while  the sample was being 
damaged. The relative radiation damage rate for PMMA in the low dose regime was determined by recording 
successive image sequences on the same spot, using the instrumental parameters listed in table 1. Only 24 
energies in 283-295 eV range were used in order to track damage changes adequately. In general keeping the 
number of sampled energies to the minimum is a key step in making meaningful measurements of organics. 
The relative dose was obtained from the integrated spectral signal up to a given measurement, taking into 
account the dead time between images (~2 s). The relative damage was obtained from the increase in the area 
of the 285 eV π*C=C peak (growth of reduced sites in the backbone) and decrease in the area of the 288 eV 
π*C=O  peak (loss of acrylate groups). In addition to the measurements made at low dose, another series at 
much higher dose (5 or 10 s exposure at chopper 19) was performed. The two sets were matched in the 
overlapping region of the 285 eV and 288 eV damage curves. Finally the dose scale was expressed in terms of 
time equivalent at full flux in the carbon 1s region using the variation of signal strength with chopper setting 
to scale the times (Fig. 2).  

Property Value Property Value 
Mask 0.9 Dwell (s) 3 
Chopper 15 or 16 Camera gain normal, x8 
Al window #1 in PEEM aperture (µm) 50 
Al window #2 in Sample (kV) 18.0 
Exit slit in Objective (kV) 13.68 
Ti filter (150 nm) in Transfer (kV) 12.45 
Flash light  on   Intermediate 13.78 
Background (Hz) 50 Projection  0 

 
Fig. 2 Variation of flux on sample vs. chopper. 



 3

  Fig. 3 plots damage versus relative dose for PMMA as 
measured in the PEEM  As is typical in radiation damage 
curves, there is an exponential change with saturation. Based on 
these results, we estimate that, at the full flux dose rate (chopper 
= 19, 400 mA in the ALS), the total acceptable exposure time 
for meaningful measurements of samples containing PMMA 
with negligible damage (as measured by spectral change)  is 10 
seconds. Since it takes about 5 seconds to record an image of 
acceptable quality, if full flux is used it is only possible to 
record a few images before the PMMA in a PMMA-containing 
sample is irreversibly modified. We note that a recent study of 
radiation damage in various polymers by STXM [4] indicates 
that PMMA is about average in terms of radiation sensitivity.  
 Chemical imaging with PEEM requires images at a 
number of energies.Typically 10-15 images are needed. The 
only way to get these without “frying the sample” is to “turn 
down the torch”.  We routinely do this by using the chopper to 
reduce the flux ~10-fold (see Fig. 2). This allows 10-20 images 
to be recorded prior to significant damage. Chopper values 
below 15 are not useable since the grating is inadequately 
illuminated. 2-bunch mode is also useful, but normalizing 
the rapid time variation of  flux is a challenge. 
 Fig. 4 presents results of a  low dose study of a 20:80 
(w/w) PS:PMMA film (PS = polystyrene) which has 
domain sizes on the order of 250 nm as determined by prior 
AFM measurements. This is a continuation of our earlier 
studies of phase segregation on PS:PMMA blends [1]. We 
are trying to develop a metastable system with flat, 
reasonably large domains that are pure PS and PMMA, in 
order to carry out competitive protein adsorption studies. As 
the analysis of the spectrum of the PMMA-rich regions 
shows, the as-made material still contains significant PS, as 
found earlier [1]. However, with our refined understanding 
of the damage rate of PMMA in PEEM-2, we are now very 
confident that the 285 eV signal observed in the PMMA-
rich domains is from incompletely phase segregated PS and 
NOT from the C=C bonds formed from radiation damage of 
PMMA (Fig 1). 
 
SUMMARY: Relative dose - damage relationships for 
PMMA were measured  in PEEM-2 to define an acceptable  
regime [5]. Similar calibration measurements are required prior to study of other radiation sensitive samples. 
Self-assembled monolayer and micro-contact printed systems involving fluorocarbons are particularly 
challenging due to their very small thickness (< 5nm) and extreme radiation sensitivity. An even more 
rigorous application of the methods outlined in this report is required for successful studies of such materials. 
 

1. C. Morin et al, J. Electron Spectrosc 121  (2001) 203-224 
2. G. E. Mitchell, et al. 1999 ALS Compendium (2000) 
3. C. Morin, A.P. Hitchcock, H. Ikeura-Sekiguchi, A. Doran and A. Scholl, PEEM-2 manual (2001). 
4. T. Coffey, S.G. Urquhart and H. Ade, J. Electron Spectroscopy 122  (2002) 65. 
5. C. Morin, A.P. Hitchcock, et al in preparation.   
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Fig.  4 PS and PMMA component maps, and color 
composite derived from  image sequence of as-made 
20:80 PS:PMMA blend, using low dose protocol (3s 
dwell, chopper=16, few points).  Lower right shows 
the  results of a curve fit to the spectrum of pixels in 
strong PMMA regions.   (Jun-01). 
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Fig. 3 Intensity at 288 eV and 285 eV versus 
accumulated radiation dose. The dose is time 
to equivalent deposited energy when PEEM 
is operated with full flux. The green points 
are measurements made at  reduced flux. 
Chopper: green (15), red (19). 



Polarization-dependent soft-x-ray absorption of
highly oriented ZnO microrod-array
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Zinc oxide represents an important basic material (II-VI semiconductor) due to its low cost, wide

bandgap as well as its electrical, optoelectronic and luminescent properties. ZnO is of importance
for fundamental research as well as relevant for various fields of industrial and high
technological applications. Recently, a low threshold lasing action has been observed at room
temperature in highly oriented ZnO nanorod arrays. From a fundamental point of view, it is
crucial to probe and understand the electronic structure of such novel materials to tailor their
physical properties as well as developing novel and improved devices. A novel approach to
materials chemistry has been developed which contributed to the fabrication of purpose-built
nano/microparticulate thin films from aqueous solution1. Such well-defined and well-ordered
materials should contribute to reach required enhanced fundamental knowledge of the relation
between structure and physical properties.

Here we report a polarization-dependent x-ray absorption spectroscopy (XAS) study performed
at synchrotron radiation facility on highly oriented ZnO microrods. The experiments were
performed on BL7.0.1 at the ALS2. The x-ray absorption spectra were measured by recording the
total electron yield while scanning the photon energy over the O 1s-edge region at a resolution of
0.2 eV. The XAS experiments were carried out on two different (isotropic and anisotropic)
homogeneous and crystalline zincite ZnO (wurtzite) thin film samples, i.e. ZnO spheres, which
consist of monodisperse spherical particles of 150 nm in diameter, and ZnO microrods consisting
of monodisperse, anisotropic and highly oriented crystallites grown along the c-axis and
perpendicular to a transparent conducting glass substrate (F-SnO2)\cite{Vayssieres01a}. The
microrods of 10 µm in length and 1.5 µm in width are oriented normal to the substrate surface.

The polarization-dependent x-ray absorption measurements are shown in Figure 1. The
variations in the spectral shape continue up to 30 eV above the absorption threshold. The
resolved absorption features are indicated as a1-a8. Prior to a1, no polarization-dependence is
observed in x-ray absorption spectra for either sample. However at higher photon energies,
strong anisotropic effects are observed for the ZnO microrods (bottom spectra). Measuring at
grazing incidence geometry, i.e. incidence angle θ = 10 degrees, where the absorption features a3,

a5, and a8 are stronger, the excitation to the state along the c-axis of the wurtzite structure is
enhanced. At normal incidence geometry, i.e. θ = 90 degrees, where the absorption features a2,

a4, and a7 are stronger, the excitation to the in-plane state is enhanced. No significant change is
observed for the isotropic samples of ZnO consisting of spherical particles as a function of the
polarization angle. However, all the absorption features are averaged out and observed in the



XAS spectra measured with either geometrical detection. The experimental findings suggest a
strong correlation between the electronic structure and the geometrical structure of the crystalline
ZnO arrays. Such results demonstrate that designing materials with the appropriate morphology
and orientation, i.e purpose-built materials, enables to reach better fundamental understanding of
nano/microscale materials and their physical properties. Probing the orbital symmetry of oxygen

and resolving its contribution to the conduction band of this important large band-gap II-VI
semiconductor is of crucial importance for the understanding of its optoelectronic properties.

References:
1. L. Vayssieres, A. Hagfeldt and S. E. Lindquist, Pure Appl. Chem. 72, 47 (2000).
2. T. Warwick, P. Heimann, D. Mossessian, W. McKinney and H. Padmore, Rev. Sci. Instrum.
66, 2037 (1995).

This work was supported by the Swedish Natural Science Research Council (NFR), Council for Engineering

Sciences (TFR), and the Göran Gustafsson Foundation for Research in Natural Science and Medicine (GGS).

Department of Energy Materials Sciences Division Contract DE-AC03-76SF00098.

Principal investigator: Jinghua Guo, Advanced Light Source, LBNL. E-mail: jguo@lbl.gov.
Telephone: 510-495-2230.

Fig. 1. Polarization-dependent x-ray absorption measurements.



Quantum confinement observed in αααα-Fe2O3 nanorod-array
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Resonant inelastic x-ray scattering (RIXS) has been applied to the studies of dd excitations
in MnO and SrCuO2Cl2 [1,2]. The lowest-lying electronic excitations can be studied most
directly by charge neutral spectroscopies, such as electron energy-loss spectroscopy
(EELS) and optical absorption. The dd excitations in transition metal compounds are dipole
forbidden and therefore very faint in optical spectroscopy.

α-Fe2O3 is an antiferromagnetic charge transfer insulator with a bandgap of 2.1 eV.
Hematite crystallises in the trigonal system, rhombohedral R-3c group. The crystal structure
is the corundum type (Al2O3) and can be described as a hexagonal close packed layering of
oxygen with 6-fold co-ordinated iron ions yielding to face and edge-sharing octahedra. In
an octahedral symmetry, a d5-configuration is found to have well-separated dd-excitations.
Optical absorption spectroscopy of α-Fe2O3 has revealed many transitions ranging from
infrared to ultraviolet.

Using the RIXS process, we probed
specifically the dd excitations in α-Fe2O3

by transition sequence 2p63d5 → 2p53d6

→ 2p63d5. These dd transitions become
fully allowed, and their intensity can be
more easily calculated than that in optical
spectroscopy and EELS.

The experiments were performed at
beamline 7.0.1 [5] at Advanced Light
Source, Lawrence Berkeley National
Laboratory. The photon energy
resolution was set to 0.2 eV for x-ray
absorption spectroscopy (XAS)
measurement. The resonant x-ray Raman
scattering was measured using a grazing-
incidence grating spectrometer [6]. The
resolution of both monochromator and
fluorescence spectrometer in RIXS
measurement was set to 0.5 eV.

The measurements were done on synthetic α-Fe2O3 nanorods grown by Controlled
Aqueous Chemical Growth [7]. The samples investigated in this letter are thin films, which
consist of 3D crystalline array of hematite nanorods bundles of 50 nm in diameter and 500
nm in length perpendicularly oriented onto the substrate. Each bundle was found to consist
of self-assembled nanorod of 3-5 nm in diameter. The samples were prepared by



heteronucleation growth and thermodynamic stabilization of akaganeite (β-FeOOH) in
solution at 90˚C onto the substrate and subsequently heated in air to 550˚C to allow the
crystal phase transition to hematite (α-Fe2O3) as confirmed by XRD.

In the resonant inelastic x-ray scattering process, final states probed via such a channel,
which are related to eigenvalues of the ground state Hamiltonian. The core-hole lifetime is
not a limit on the resolution in this spectroscopy [2]. According to the many-body picture,
an energy of a photon, scattered on a certain low-energy excitation, should change by the
same amount as a change in an excitation energy of the incident beam (see the decay route
of core-excitation B versus that of A in Fig. 1a). Thus, the RIXS features have constant
energy losses and follow the elastic peak.

The RIXS spectra at the Fe L-edge of α-Fe2O3 nanorods were recorded and shown in
Fig.1. A few energy-loss features are clearly resolved. The low energy excitations, such as
the strong dd and charge-transfer excitations, are identified in the region from 1 to 5 eV.
The 1-eV and 1.6-eV energy-loss features originate from multiple excitation transitions. The
2.5-eV excitation corresponds to the bandgap transition, which is significantly larger than
the 2.1-eV-bandgap of single-crystal hematite.
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Figure 1 Domain structure of a Gd25Fe75
film taken at the Fe L3 (a) and the Gd M5
(b) edge.

Recent achievements with magnetic soft X-ray microscopy at XM-1
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INTRODUCTION
Studies of magnetic domain structures in systems of low dimensionality are a major issue both
from a fundamental physics point of view and in a technologically relevant context. The systems
of interest are thin single or stacked multicomponent multilayered magnetic films and are often
laterally patterned micro- and nanostructures.Though a large number of  imaging techniques is
established the outstanding challenge they have to meet, is a layer-resolved (e.g. via chemical
sensitivity) spatio-temporal recording of the switching behavior of the magnetic domain
structure as this determines largely the technological functionality. Supported by intensive
micromagnetic simulations a comprehensive fundamental understanding and a subsequent
potential design of the magnetic domain structures is essential.

X-ray magnetic circular dichroism (X-MCD) yields at element-specific spin-orbit coupled (e.g.
L3,2 and M5,4 absorption edges large values up to 50%. In combination with soft X-ray
transmission microscopy this serves as huge magnetic contrast mechanism to image magnetic
domain structures at a resolution down to 25nm provided by Fresnel zone plate optics (magnetic
soft X-ray transmission microscopy (M-TXM)) [1,2]. A description of the technique is found
elsewhere [3]. Here we report the recent achievements by selected examples taken at the XM-1
beamline at the ALS/Berkeley CA.

RESULTS
In Fig. 1 the domain pattern of an amorphous 59nm thin Gd25Fe75 film with a pronounced
perpendicular anisotropy is shown. The images have been taken at the Fe L3 (a) and the Gd M5
(b) edge thus probing the local magnetization of Fe and Gd, resp., in an element-specific
manner. Though at these two edges the spin-orbit coupling is both parallel the observed reversal
of magnetic contrast reflects the antiparallel 3d-4f coupling and proofs the magnetic character of
the structures.

b)a)

1 m�
The magnetization switching can be addressed by recording the domains within complete
hysteresis loops. In Fig. 2 a (0.4nmFe/0.4nmGd)x75 multilayered system with lithographically



1 m�

a) b)

written line elements with a width of 300nm emerging from a continuous film were studied at
saturation (a) and at an applied magnetic field perpendicular to the films surface of 4kOe (b).
The maze pattern observed in the continuous film starts penetrating from the left side of the
image into the GdFe line structures as a straight line domain. A corresponding white line
domains emerges from the right. If the sense of rotation from up to down does not fit for both
domains, the melting of these two domains is blocked until at a higher magnetic field finally
they are forced to form one single line. As can be seen in the third line from the bottom this is
not always the case.

As the dichroic contrast is given by the projection of the magnetization onto the photon
propagation direction both in-plane and out-of-plane systems can be imaged. Amorphous
Terfenol-D (Fe66.5Tb9.5Dy24.0/2at%Zr) layers exhibit an anisotropy perpendicular to the film
plane as they are far from thermodynamically equilibrium.

1 m�

a) b) c)

However, thermal treatment at elevated temperatures (about 500-600K) forces the anisotropy
into the film plane. In Fig. 3a) and b) the results obtained with a 70nm thin sample thermally
treated at 500K are shown. A typical in-plane domain pattern can be observed if the magnetic
field applied along the sample´surface and horizontal in the paper plane is increased from 0 Oe
(a) to 200 Oe (b). The corresponding domains for the non-tempered (out-of-plane) system are
shown in (c).

0 Oe<H<+H
sat

0 Oe>H> H�
sat

a)

b)

Figure 2 Domain structure in a
lithographically edged line pattern (width
300nm) of a multilayered 75x(0.4nm Fe/
0.4nm Gd)  system. a) saturated state, b)
domain structure at 0.4kOe.

Figure 3 Magnetic domains in
Terfenol-D recorded at the Fe L3
edge in-plane (a,b) and out-of-
plane (c).

Figure 4 Variation of the
domain patterns with size in
50nm thick Permalloy
(Fe20Ni80) nanostructures.
Field direction along the
vertical direction (see arrow).
The bar is 1�m.The bar is
1�m.



Results of the magnetic domain structure recorded at the Ni L3 edge within varying external
magnetic fields in 50nm thin PY (Permalloy Fe20Ni80) patterned elements are shown in Fig. 4.
The variation of the domain pattern with varying aspect ratio (width to height) between 1 and 3
is clearly visible. In Fig. 1a) and b) the field direction was along the fixed width of 1�m. Up to
an aspect ratio of 1.5 a single closure domain pattern appears, while a more complex
configuraton (cross tie wall) emerges for larger aspect ratios.

OUTLOOK
An outlook to the potentials of M-TXM is time dependent imaging where the inherent pulsed
time structure of the synchrotron light in the sub-nanosecond regime will be used to study spin
dynamics.
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X-ray fluorescence holography (XFH) is a relatively new experimental tool for directly
determining the local three-dimensional atomic structure around a given type of atom [1-4]. This
element-specific method is based on the same concept as photoelectron holography [5], but
detects instead fluorescent x-ray photons.

In the first type of XFH to be demonstrated experimentally [1a], one measures the interference
between the fluorescent radiation directly emitted by the excited atoms and additional wave
components of the same radiation scattered by various near-neighbor atoms. It is thus necessary
to measure a given fluorescent intensity as a function of the direction of emission over as large a
solid angle as possible. This method, for which the fluorescent atoms inside the sample act as
sources and the intensity is measured in the far field, has been termed normal x-ray fluorescence
holography (XFH) [2] or more specifically �direct XFH�. In parallel with the first direct XFH
experiment, Gog et al. [2a] proposed and demonstrated a different approach (termed multiple
energy x-ray holography (MEXH) or �inverse XFH�) by applying the optical reciprocity principle
and exchanging the roles of source and detector. In this case, the fluorescent atoms inside the
sample become the detectors for the net field produced by the interference of the incident x-ray
beam and the components of this beam that are scattered by near-neighbor atoms. With present
detection systems, MEXH is faster, as the incident beam can be very intense (e.g. emitted directly
from a beamline monochromator or an undulator harmonic), and one can furthermore in principle
detect all of the fluorescence emitted above the sample surface. Here, one is thus measuring the
total fluorescence yield of a given atomic transition as a function of the direction of the incident
x-ray beam. Being able to measure at multiple energies also results in images with less aberration
due to twin-image effects and other non-idealities [2,5,6]. Recent XFH/MEXH studies have
demonstrated the ability to image a first-row element in the presence of a transition metal [3],
and to study the local atomic environment in a quasicrystal, even though translational periodicity
is lacking for such a system [4].  Current experiments are by and large detector-limited as to the
speed of data acquisition. In the ALS Compendium of 2000, we have discussed a project that has
successfully measured the first MEXH holograms and holographic atomic images at the ALS [7].

Even though XFH and MEXH in their current formulations offer powerful methods to probe the
local atomic structure around a given atom, there still remains one deficiency: the techniques may
be element-specific for the central fluorescing atom in the structure (a quality they share with
extended x-ray absorption fine structure (EXAFS)), but there is no simple way to determine the



near-neighbor atomic identities. Use can be made of the differences in non-resonant x-ray
scattering strengths between different atoms (as is done with differences in electron scattering
strength in EXAFS), but this is only unambiguous when atomic numbers are relatively far apart,
as recently illustrated for the case of O and Ni in NiO [3]. In the present work, we propose a
significant improvement to MEXH, resonant x-ray fluorescence holography (RXFH), that should
enable the direct discrimination of different atoms in reconstructed images, even for the most
difficult cases where atomic numbers of elements involved are very close together. It is in this
sense that we can finally speak of atomic images "in true color" [8].

The principle of RXFH is discussed here for the example of a binary compound of AB3 type with
close atomic numbers, specifically FeNi3, for which ZNi - ZFe = 2 and the fractional change in
atomic number is only �0.08 [8]. The central fluorescing atom of the reconstructed images is
always chosen to be atom A (Fe in this case), and the anomalous dispersion associated with an
absorption edge for element B (Ni in this case) is used to selectively image atoms B surrounding
the central atom.  In the usual implementations of MEXH in which both atoms A and B are to be
equally imaged, the incident x-ray energies E are usually chosen in such a way that they are close
enough to A

absE , the absorption edge of element A, for the efficient excitation of fluorescent x-rays
from A, but also far enough from both A

absE  and any edges B
absE  of atom B that the anomalous

dispersion terms in the x-ray scattering factors for A and B are not significant.  In RXFH, by
contrast, we will choose several E�s in the vicinity of an absorption edge B

absE of element B.  The
basic idea here is thus similar to that of multiple-wavelength anomalous diffraction (MAD) for
phase determinations in conventional x-ray diffraction studies, but with the significant difference
that there is from the outset no phase uncertainty in MEXH.

Making use of experimentally determined x-ray scattering factors for Fe (non-resonant) and Ni
(resonant), as shown in Fig. 1, we have thus theoretically simulated holograms [6b] for a large
cluster of atoms representing the FeNi3 lattice as the Fe K� fluorescence at 6.4 keV is monitored
while scanning through the Ni K edge at about 8.3 keV [8]. As a first trial set of data, we have
finally obtained MEXH and RXFH images based on the three energies shown in Fig. 2: below,
on, and above the Ni K edge. One promising procedure for imaging in RXFH is shown elsewhere
[8] to be using two difference holograms for E1-E2 and (with reversed sign) E3-E2.  Fig. 2 shows
the FeNi3 crystal structure, together with normal MEXH images and RXFH images from these
difference holograms. Fig. 2 makes it clear that the Ni-atom images are strongly suppressed in
the RXFH images, thus suggesting this as a new approach in x-ray fluorescence holography for
identifying near-neighbor atoms to a given type of fluorescent emitter.

In conclusion, resonant x-ray fluorescence holography should make it possible to obtain
additional information on near-neighbor chemical identities that would lead to a much more
complete structural characterization of any system, particularly one in which possible
compositional disorder on the nm scale is present, and thus to a much broader applicability for
nanoscale materials characterization. Future experiments at the ALS will explore this approach
experimentally.
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Fig. 1-- The atomic x-ray scattering factors f1 and f2 for Fe (dotted lines) and Ni (solid lines) as a function of x-ray
energy around the K edge of Ni.  The overall scattering factor is given by � � 210 iffff Atom ��� � , with f0(�) the form
factor. The three energies used for the simulations of E1, E2 and E3 are indicated by vertical solid lines and
correspond to 8235 eV, 8334 eV, and 8433 eV, respectively.



Fig. 2-- Comparison of multi-energy inverse x-ray fluorescence holographic images based on the negative of the real
part of images generated using both the standard inversion algorithm (MEXH) and resonant holography (RXFH)
based on two difference images (E1-E2 and E3-E2).  These images are based on single-scattering cluster simulations
of holograms [6b] at the three energies E1, E2 and E3 for an FeNi3 crystal containing about 10,000 atoms. (a) Near-
neighbor atomic model of FeNi3 for comparison to the reconstructed images in (b) and (c) and including 8 unit cells
with the lattice constant of 3.55 Å. Fe atoms are lighter gray, and Ni atoms darker gray. The unique types of Fe and
Ni atoms observed in (b) are labelled as Fe1, Fe2 and Ni1. (b) Three dimensional reconstructed image from MEXH in
cross section along six {001} planes. (c) Corresponding image from RXFH. The fluorescing Fe atom is located at the
centers of the cubes in (a), (b) and (c). (d) Enlarged reconstructed image from MEXH in the (001) plane. (e)
Corresponding enlarged image from RXFH. The true atomic positions of Fe and Ni atoms are shown as circles and
squares, respectively, and certain key atomic positions are also labelled.
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INTRODUCTION 
 
A common limitation in nanostructure research is often the requirement to perform experiments on 
ensembles of nanoparticles, therefore averaging over inherent distributions with respect to particle 
size and shape, chemical composition, crystallinity and defect structure. This limitation can be 
overcome by studying the properties of a single nanostructure individually, which will allow to 
truly correlate scaling laws of material properties with changes in size. Here, we demonstrate the 
applicability  of spatially resolved Photoemission Electron Microscopy (PEEM) to measure soft 
x-ray absorption spectra at the Fe L3,2 edges of single colloidal iron oxide nanocrystals with an 
average diameter of 10 nm (~ 20,000 iron atoms). The experiment was carried out with the 
PEEM2 instrument of the ALS [1]. Details of the experiment can be found in [2,3]. 
 
EXPERIMENT 
 
Surfactant-capped nanocrystals of γ-Fe2O3 (maghemite) were prepared by a slightly modified ver-
sion of a recently published procedure using hexadecylamine as surfactant [4]. A fraction was iso-
lated by repeated size-selective precipitation using methanol as precipitating agent and the average 
particle size was determined by TEM to be 10 nm with a standard deviation of 3 nm. Very dilute 
toluene solutions of this sample were spin-coated onto silicon wafers that were freshly cleaned by 
etching with HF and washing with deionized H2O. The particle coverage of the silicon substrate 
was determined by high-resolution Scanning Electron Microscopy (SEM) at the National Center 
for Electron Microscopy, Lawrence Berkeley National Laboratory. From the relative positions of 
the particles in the SEM images (Fig 1A), a mean first nearest neighbor distance of 485 nm was 
derived. This is sufficiently larger than the spatial resolution of the PEEM microscope in this 
study. In contrast to our fist study [2,5] using graphite as substrate, we were never able to resolve 
these spots into smaller aggregates indicating that they, indeed, represent individual nanocrystals. 
Also, linescans through individual spots show FWHM in the range of 8 – 15 nm in good agreement 
with the particle size distribution of the sample as determined by TEM. 
 
The PEEM experiments were performed at the bending magnet beamline 7.3.1.1 of the ALS. The 
best lateral spatial resolution achieved by PEEM to date is about 20 nm, but it depends strongly, in 
addition to the settings of the instruments, on the topography and conductivity of the sample. In the 
studies presented here, the spatial resolution was about 150 nm. Fig. 1B shows a chemical contrast 
image which was obtained by subtracting an image taken at a pre-edge photon energy (700 eV) 
from the one taken at the iron L3 edge (707 eV). Hence, the bright spots indicate the presence of 
iron oxide nanocrystals. The varying brightness of the spots is most likely related to the rather 
broad size distribution of the iron oxide nanocrystals in the sample with an average diameter and a 
standard deviation of 10 nm and 3 nm, respectively. In Fig. 1C, the local x-ray absorption spectra 
of a location appearing bright in Fig 1B (area I) is compared to the one of a dark area (area II). As 
expected, the spectrum of the bright spot (area I) shows the signature of the Fe L3 absorption edge 



at 707 eV, whereas the dark background (area II) shows no detectable structure of the absorption 
intensity in this energy range. Due to the moderate energy resolution, the multiplet structure of the 
typical x-ray absorption spectra of Fe3+-ions at the L3-edge is not resolved. In Fig. 1D, the x-ray 
absorption spectra of several positions with varying intensities in Fig. 1B (areas III - VII) are 
compared. Clearly, even in cases with very small intensity in the contrast image in Fig. 1B the Fe 
L3 x-ray absorption edge is still discernible from the background whereas the weaker L2 edge is 
only barely recognizable. We emphasize that these spectra indeed reflect the x-ray absorption 
spectra of individual particles with diameters of (10 ± 3) nm with a small chance that some spec-
tra are due to the presence of dimers or trimers of particles (< 13%) [3]. To the best of our knowl-
edge, this represents the first time that soft x-ray absorption spectra of individual nanocrystals at 
this length scale are reported [6]. 
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Figure 1: a) High-magnification SEM image of γ-Fe2O3 nanocrystals deposited onto Silicon wafer. B) PEEM 
chemical contrast image. C) Spatially resolved X-ray absorption spectrum recorded in a bright area (I) and a dark 
area(II). D) Local spectra for different bright spots in b). 
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Recently, there has been considerable interest in the study of spin injection at ferromagnetic
semiconductor heterojunctions and ferromagnetic metal � semiconductor contacts1,2,3,4. Studies
of n-type semiconductors have demonstrated spin-coherent transport over large distances5 and
the persistence of spin coherence over a sizeable time scale6. Clearly such investigations have
been stimulated by the potential of the development of �spintronics�, electronic devices utilising
the information of the electron spin states.  To understand and improve the magnetic properties
of ultrathin Fe films on GaAs has been the aim of many research groups over recent years. The
interest in this system has both technological and fundamental scientific motivations.
Technologically, Fe on GaAs may serve to realize spin electronic devices. From a fundamental
science point of view, Fe on GaAs serves as a prototype for studies of the interplay between the
crystalline structure and morphology of an ultrathin film, its electronic structure and the long
range magnetic order it exhibits.

In contrast to the attention given to Fe on variously prepared GaAs substrates, the magnetism
of Fe on vicinal GaAs substrates has received scant attention.  This in spite of the fact that films
grown on vicinal substrates present a number of advantages and opportunities.  For example,
they are known to exhibit enhanced structural homogeneity, surface diffusion tends to follow
well mapped patterns (the quasi-periodicity has been exploited to produce quantum wires) and
there is an additional degree of control of the film growth beyond those associated with
temperature and substrate surface composition7.

In a preliminary combined spin-polarized secondary electron spectroscopy, photoelectron
spectroscopy and LEED study (carried out on the SRS, Daresbury Laboratory) of the remanent
magnetic properties of Fe on singular and vicinal (3� offset) GaAs we have shown both that the
various magnetic phases formed are dependant upon the Ga to As surface composition of the
substrate and that they evolve in characteristic (but not well understood) ways with Fe overlayer
thickness8. A remarkable feature in this system, which illustrates the importance of the Fe
overlayer/substrate interaction, is the magnetic anisotropy; the easy axis of the Fe films on Ga-
terminated substrates is perpendicular to that for As-terminated substrates9,10.

These measurements were followed up with combined spin-resolved photoemission and
magnetic linear dichroism experiments on Fe deposited on vicinal (offcut by 3º and 6º) or
singular GaAs substrates on Beamline 7 at the ALS in collaboration with Elaine Seddon of
CCLRC Daresbury Laboratory, Dan Waddill of The University of Missouri-Rolla and James
Tobin Of Lawrence Livermore National Laboratory.  The GaAs(100) substrates were available
for film deposition at room temperature after substrate decapping in-situ (by thermal annealing),



at the ALS.  By mounting both singular and vicinal GaAs substrates on the same sample tile the
same growth conditions applied for both films facilitating direct comparison.  The surface quality
was monitored using LEED.  The following data were obtained, high resolution spin-integrated
valence bands, the spin-resolved valence bands and their energy dispersion, the film thickness
dependence of the spin-resolved valence bands, magnetic linear dichroism data on the Fe3p and
Fe2p core levels at a variety of photon energies.

The experiments, which were performed with Dr. Simon Morton and Dr. Jim Tobin in
November of 2000 have produced considerable amount of interesting results. The significant
differences in the spin-resolved valence bands between ca.20 Å thick Fe films on singular and
vicinal (3º) GaAs are illustrated in Fig.1. As the terrace width is ca.55 Å the spectral differences
are not due to step-localized features.

Figure 1
Spin-resolved valence band photoemission results for Fe on singular GaAs (left) and

Fe on vicinal (3º) GaAs (right).

Other interesting results include the following. At low film thicknesses, Fe deposited on
singular substrates was found to have a lower Curie temperature than Fe on vicinal substrates.
Fe deposited on singular substrates reveals a larger energy dispersion of the spin-resolved
valence bands than Fe on vicinal substrates. Only marginal differences can be seen between the
spin-resolved valence bands of Fe deposited on 3º stepped GaAs substrates and Fe deposited on
6º stepped GaAs substrates. Also, in contrast to the valence band studies, the linear magnetic
dichroism results obtained for these samples are very similar.

Further experiments at ALS during oct 2001 enabled us to obtain considerably more
interesting results. Whilst the detailed analysis of the results is still underway, Fig.2 shows a
large contrast of the valence band spectra of Fe versus incident photon energy between that on a
singular and a vicinal substrate. The strong feature on the left in Fig.2 was found to be sensitive
to the thickness of the Fe layer and the origin of which is still not yet clear at the present stage.

In summary, the experiments at the ALS have been extremely rewarding.  They have
answered some questions, clarified our thinking on others and raised yet other questions for
which we have no answers at the moment.  The run has, however, shown that further access to
the ALS is needed to fully understand this fundamental and technologically important system.
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Figure 2.
Valence band spectra of Fe, normalised to the secondary electron tails, versus photon energy

for films on singular substrate (left) and on 6 degree vicinal substrate (right).
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INTRODUCTION

Grain boundaries are important in the electrical transport properties of high-Tc cuprate
superconductors.  YBa2Cu3Ox superconducting devices take advantage of good transport
behavior to make wires and use the poor transport (weak link) behavior to make Josephson
junction devices [1].  Critical current densities are lower across the grain boundaries by orders of
magnitude compared with the values in the bulk of single crystals [2].  The amount of
misorientation of neighboring grains is an important parameter in determining the critical current
density.  In [001] tilt boundaries, one of the simplest grain boundaries, critical current densities
drop markedly above 10 degrees [3].  High-resolution electron microscopy has shown that this
misorientation angle, which corresponds to the transition from strong to weak intergrain
coupling, occurs at the point of overlap of Cu-rich dislocation cores, indicating that the
dislocation cores along the grain boundary are responsible for the weak-link behavior [4].

The purpose of this work is to probe the strain/stress of two YBa2Cu3Ox bicrystal films near the
grain boundary using x-ray microdiffraction in order to visualize the strain/stress fields caused by
the dislocation cores at the grain boundary.

EXPERIMENTAL

The samples consist of two YBa2Cu3Ox bicrystal samples both with [001] tilt boundaries:  one
with a 36� tilt (high-angle, weak-link) boundary and the other with a 10� tilt (transition between
strong coupling and weak-link) boundary.  Both film samples are 260 nm thick and were
deposited epitaxially in a controlled (high purity - O2) environment on SrTiO3 bicrystal substrates
and post-growth oxygenated at 420� C for 1 hour prior to removal from the growth chamber.

Oxygen content of our samples were determined from Tc measurements and then used to
determine the stress free lattice parameters according to established reference relations [5].
White-beam Laue patterns in reflection mode at beamline 7.3.3 at the Advanced Light Source
were taken and automatically indexed using a custom code (X-MAS) developed onsite.  The X-
ray microdiffraction end station on beamline 7.3.3 has the capability of providing high flux
within a beam size of approximately 1 x 1 micron.  Its setup has been described elsewhere [6].

RESULTS

Measurements were taken in 1 micron steps to make a raster scan of 30 microns across the
bicrystal grain boundary and 10 microns parallel to this boundary for both samples.  Additionally,
finer scans were made on the 10� sample with 0.5 micron steps of 10 microns by 10 microns and
also with 0.25 micron steps of 2 microns by 2 microns.  A sample diffraction pattern is shown in
Figure 1.  The geometrical parameters (sample-detector distance, center channel position and



(a)              (b)  
Figure 1.  (a) White-beam Laue pattern of YBa2Cu3O7 thin film on SrTiO3 bicrystal substrate.  (b) The most intense
spots are due to the substrate (center of enlarged image).  The fainter and more elongated spots are from the film
(either side of central spot).

tilts of detector with respect to beam) were determined by using the SrTiO3 substrate as an
unstrained reference.  Tc measurements of 90.4 K yielded an O2 content of 7.0, which was then
used to calculate the bulk unstrained lattice parameters as:  a = 3.8154 Å, b = 3.8888 Å and c =
11.6764 Å.

We found that the strain values in the YBa2Cu3O7 film are on the order of 10-2 and the effect of
the cubic substrate is to make the YBa2Cu3O7 structure look tetragonal rather than orthorhombic.
The values are consistent with epitaxial strains due to the difference in lattice parameters of the
substrate and the film.  Due to the large strain values, automated indexation of the diffraction
pattern is not straight forward because of the necessity to use a large angular tolerance.  We
therefore used as an intermediate unstrained reference quadratic values for the YBa2Cu3O7 lattice
constants and then compare the refined values with the bulk reference.  Figures 2 and 3 give the
deviatoric strain along the crystallographic unit cell directions, a and b, averaged for the 10
traverses across the grain boundary in the 36� and 10� tilt samples, respectively.
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Figure 2.  Deviatoric strain measurements along the a-direction (left) and the b-direction (right) of the unit cell
averaged over 10 traverses across the grain boundary of the 36� tilt bicrystal.
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Figure 3.  Deviatoric strain measurements along the a-direction (left) and the b-direction (right) of the unit cell
averaged over 10 traverses across the grain boundary of the 10� tilt sample.

CONCLUSIONS/DISCUSSION

The deviatoric strain state in the unit cell coordinate system is different on opposing sides of the
36� and 10� bicrystal grain boundary.  No strain gradients can be detected within our spatial
resolution limit as we approach the grain boundary from either side.  Future work will include
data collection and analysis at the cryogenic operating conditions of these films.
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INTRODUCTION
It is generally difficult to determine the phase diagram of polyolefin blends directly by measuring

the composition of phase separated domains. The constituent materials differ only in the amount and/or
length of sidechains and provide little spectroscopic differences and limited contrast in traditional
miroscopies [1-3]. Indirect methods to determine the phase diagram involve a large number of samples
and elaborate contrast enhancement methods. Here, we explore the utility of Near Edge X-ray
Absorption Fine Structure (NEXAFS) microscopy to determine polyolefin phase diagrams directly by
determining the composition of phases in a limited number of samples. We have used the scanning
transmission X-ray microscope (STXM) at beamline 7.0 to investigate thermally annealed blends of an
ethylene-butene copolymer (EBC with 3.7 mol % butene) and of an ethylene-octene copolymer (EOC
with 3.33 mol % octene). Despite the very similar chemical structure of these copolymers (they differ
only in the length of the side chain, i.e. ethyl versus hexyl groups) NEXAFS microscopy can be used to
a) directly visualize the morphology without staining or etching, and b) determine the composition of the
phases in such blends.

EXPERIMENTAL
0.1 % m/m solutions of EBC and EOC (experimental polymer made with single site catalyst

technology) in xylene were mixed in two different ratios (samples A1-4: 33%, samples C1-4 67%
EOC). Subsequently,  methanol was added to precipitate the polymer. The precipitate was collected by
filtering and dried. The samples were vacuum-annealed at 180°C (samples A1, C1), 160°C (samples
A2, C2),  140°C (samples A3, C3) and 120°C (samples A4, C4), respectively, quenched to -7°C and
cryo-microtomed to about 100-200 nm in thickness.

The data were acquired at beamline 7.0.1. C1s-NEXAFS reference spectra of the pure
components were derived from line-spectra (i.e. the same line scan at many photon energies). Image
sequences of up to 80 images of small areas (typically 10 µm x 10 µm) as well as small series of large
images (typically 6 images, 60 µm x 60 µm) were also recorded.

RESULTS AND DISCUSSION
The C1s-NEXAFS spectra of the two components are shown in Fig. 1. The most noticeable

difference between both spectra is found in the 287-288eV energy region. EBC shows two closely
spaced peaks (typical for linear polyethylene or polyolefins with few or short side-chains), EOC shows
only one broad signal (typical for polyolefins with many or long side-chains). These signals are
interpreted as σ*(C-H) resonances [4]. Their spectral variations primarily reflect different intermolecular
distances rather than different degrees of crystallinity. These spectra were used as reference spectra
during the “stack fit” procedure [5] to determine the component maps.

Fig. 2 shows typical optical density (OD) images of two of the samples. The domains of the two
phases can be clearly distinguished. Because EBC shows a higher absorption coefficient at 288.2eV
than EOC (see Fig. 1), regions with high EBC concentration appear bright in Fig. 2b



and 2d. At 287.1eV the opposite is the case
and EOC rich regions appear bright. As
expected from the ratio of the components in
the mixed solutions, EBC forms the matrix- or
majority-phase in sample A3 (a,b) and EOC in
sample C3 (c,d).

After the images of an images sequence
are aligned to correct for lateral shifts, the spectrum of each pixel in the stack area can be fitted by a
linear combination of the reference spectra (Roct(E) and Rbut(E)) and a constant, which is energy-
independent (constant):

OD(E, x, y) = toct(x,y)*Roct(E) + tbut(x,y)*Rbut(E) + constant(x,y)

Thereby matrices of the effective thickness of the components toct(x,y) and tbut(x,y) and of the constant
are determined and can be represented by component maps.

From these maps, regions in the matrix and in the minority phase were chosen carefully to not
include inclusions of the other phase. Averaging over all pixels of these regions yields the effective
thicknesses t. Since the sample contained only the two polymers, the composition Φoct (here the mass-
fraction of EOC) can be calculated:

Thus, two composition values, one for the matrix and one for the minority phase, are derived for each
sample. Fig. 3 shows these results for the different annealing temperatures. If we assume that the
thermodynamical equilibrium was reached during the annealing and that the quenching conserved the
composition of the melt, this diagram can be interpreted as a phase diagram. Although we presently
estimate large errors (10-15%), an upper critical solution temperature behavior and a broad two-phase
region is clearly visible.

0.0 < OD < 5.0 0.0 < OD < 5.0

0.0 < OD < 3.0 3.0 < OD < 6.0

a

c d

b

Fig. 2: Typical STXM optical density (OD) images of
samples A3 (33% ethylene-octene copolymer): a), b) and
C3 (67% ethylene-octene copolymer): c), d). Images a)
and c) are taken at 287.1eV. Here domains, which are rich
in the ethylene-octene copolymer appear bright. Images
b) and d) are taken at 288.2eV and ethylene-butene rich
domains appear bright in this case.
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Fig. 1: C1s-NEXAFS reference spectra of the
components: Red: ethylene-octene copolymer, green:
ethylene-butene copolymer, both normalized to an
edge jump of unity between 283eV and 315eV.
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In summary, we used NEXAFS-microscopy to determine the morphology and the composition of
a specific polyolefin blend. The differences in the NEXAFS spectra of short- and long-branch
copolymers provide sufficient image contrast, especially in the 287-288eV energy region, to
image the morphology without further sample preparation (staining, etching). The polymers
investigated show phase separation at all annealing temperatures. The matrix phase is always
formed by the component that had the higher concentration in the solution and in the case of the
EBC rich samples the gross sample composition is close to the solution composition. This
indicates an almost quantitative precipitation by methanol. The phase diagram can be determined
by quantitative evaluation of image sequences.
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